abstract
Surgical models have best shown the relationship between ankle and midfoot osteoarthritis, although findings regarding the calcaneocuboid joint have varied. To the authors' knowledge, no studies have evaluated the relationship between degenerative changes across the tibiotalar and calcaneocuboid joints. The goal of this study was to determine whether such a relationship exists and which joint degenerates first. A single examiner evaluated 694 tibiotalar and calcaneocuboid joints to determine the presence of osteoarthritis. Multiple linear regression analysis was conducted with a standard P value cutoff (P<.05) and 95% confidence interval. The average incidence of tibiotalar and calcaneocuboid osteoarthritis in specimens older than 40 years was compared with the incidence in those 40 years and younger. A positive correlation between tibiotalar and calcaneocuboid osteoarthritis was noted. African-American subjects were less likely than white subjects to have tibiotalar osteoarthritis. The finding of right and left tibiotalar and calcaneocuboid osteoarthritis in subjects 40 years and younger showed that midfoot arthritis was significantly more common than arthritis of the ankle. The prevalence of calcaneocuboid osteoarthritis remains stable after 40 years of age, and the prevalence of tibiotalar osteoarthritis approaches that of calcaneocuboid osteoarthritis. Calcaneocuboid osteoarthritis precedes tibiotalar osteoarthritis. Altered biomechanics involved in calcaneocuboid osteoarthritis are transferred to the tibiotalar joint, leading to tibiotalar osteoarthritis as the subject ages. Early education, surveillance, physical therapy, shoe adjustment, and orthotics may help to reduce the forces across the midfoot and prevent ankle arthritis in the long term. [Orthopedics. 2016; 39(6):e1112-e1116.]
understanding the functional anatomy of the foot and ankle joints is a prerequisite to the study of dysfunction. Knowledge of how pathology changes normal function can help in the provision of optimal treatment. This study examined the relationship between tibiotalar joint osteoarthritis and calcaneocuboidal osteoarthritis (ie, ankle and midfoot osteoarthritis).
Many studies have attempted to describe the relationship between ankle (tibiotalar) and midfoot (calcaneocuboid) osteoarthritis with surgical models. Some studies noted an increased prevalence of arthritis of the ipsilateral hindfoot or midfoot after ankle arthrodesis. [2] [3] [4] [5] [6] [7] This is believed to be the result of altered biomechanics that transform forces exerted on the hindfoot and midfoot, as previously described.
3,4 Schuh et al 6 performed gait analysis studies in support of this idea and concluded that compensatory increases in motion occurred in the talonavicular, calcaneocuboid, and subtalar joints after ankle arthrodesis.
To further support this theory, Jung et al 8 simulated tibiotalar arthrodesis in 12 cadaveric specimens. After arthrodesis, each specimen was cyclically loaded with a hydraulic test frame. A substantial increase in pressure in the talonavicular and calcaneocuboid joints at dorsiflexion levels, consistent with the late stance phase of the gait cycle, was noted in each case. The authors concluded that this response may be the cause of secondary tarsal joint degeneration in late ankle arthrodesis. A substantial increase in pressure in the talonavicular and calcaneocuboid joints (both of which are included in the Chopart joint) at dorsiflexion levels, consistent with the late stance phase of the gait cycle, was noted in each case.
In contrast, Sheridan et al 9 noted that although midfoot and hindfoot osteoarthritis seems to be universal in patients with ankle osteoarthritis, several longterm studies of ankle arthrodesis did not assess pre-existing osteoarthritis of the midfoot and hindfoot. These investigators questioned whether this was a direct consequence of arthrodesis.
Suckel et al 10 noted an increase in force and peak pressure on the talonavicular joint but a decrease in force on the calcaneocuboid joint after tibiotalar arthrodesis. However, this study included just 8 specimens. In another study, Suckel et al 11 followed 15 patients with isolated ankle osteoarthritis who had undergone tibiotalar arthrodesis. Radiographs showed that subtalar and talonavicular degeneration was more likely than calcaneocuboid degeneration after arthrodesis. Further, they used cadaveric foot models to simulate foot strike. The native trial showed a continuous increase in load transmission in both parts of the Chopart joint. After simulation of arthrodesis, load transmission in the talonavicular joint increased significantly in the second half of the foot, whereas the calcaneocuboid joint showed decreased transmission of load.
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As described earlier, surgical models have best shown the relationship between ankle and midfoot osteoarthritis. The literature on these effects on the talonavicular joint seems to be congruent, but findings on the calcaneocuboid joint vary. To the authors' knowledge, no studies have evaluated the relationship between degenerative processes across the tibiotalar and calcaneocuboid joints. The goals of this study were to determine whether there is a relationship between tibiotalar and calcaneocuboid degeneration and to identify which joint appears to degenerate first.
Materials and Methods
This study was conducted with 694 specimens from The Hamann-Todd Osteological Collection at Cleveland's Natural History Museum. This collection contains more than 3300 treated and dried specimens obtained from bodies collected from the county morgue and city hospitals from 1893 to 1938. This study did not require institutional review board approval because the specimens had no identifiable private information.
A single examiner evaluated 694 tibiotalar and calcaneocuboid (Figure 1 ) joints with a modification of the KellgrenLawrence classification for knee osteoarthritis to determine the presence of osteoarthritis in each specimen ( Table 1) . 12 This scale was based on methods suggested by Kettler and Wilke 13 and validated by Eubanks et al, 14 who used changes in 
results
Multiple regression analysis showed a positive correlation between right and left tibiotalar osteoarthritis as well as right and left calcaneocuboid osteoarthritis, with correction for age, sex, and race (Figures  2-3) . A positive correlation was seen between right tibiotalar and calcaneocuboid osteoarthritis, with a slope of .175 and a P value approaching 0 ( Table 2) . Similarly, left tibiotalar and calcaneocuboid osteoarthritis showed a positive correlation, with a slope of .145 and a P value approaching 0 ( Table 3) .
Multivariate analysis of right and left tibiotalar and calcaneocuboid osteoarthritis in specimens 40 years and younger showed a higher prevalence of midfoot arthritis compared with ankle arthritis in this age group. Analysis of the group older than 40 years showed that the prevalence of calcaneocuboid osteoarthritis is relatively stable after age 40 years and that the prevalence of tibiotalar osteoarthritis approaches that of calcaneocuboid osteoarthritis in this age group (Table 4) .
discussion
The association between ankle arthrodesis and subsequent midfoot arthritis has been shown with a surgical model. [2] [3] [4] [5] [6] [7] However, no studies have described an association between degenerative changes across the tibiotalar and calcaneocuboid joints. The authors hypothesized that if there is a correlation between midfoot (calcaneocuboid) osteoarthritis and ankle (tibiotalar) osteoarthritis, midfoot osteoarthritis precedes ankle osteoarthritis. To explore this hypothesis, the authors performed a retrospective cadaveric study. This type of analysis has benefits and limitations that are inherent to the study design. These studies are inexpensive to execute and can be performed quickly. However, specimen availability can greatly limit sample size, and it is impossible to obtain any subjective information. A prospective cohort in which patients can be followed with imaging, physical examination, surveys, and autopsy is the optimal study design, but these studies take many years to conduct and can be expensive.
The authors expected to find a strong correlation between tibiotalar and calcaneocuboid osteoarthritis, and a large volume of evidence corroborates the relationship between degenerative processes and age. Nonetheless, after correction for age, sex, and race as confounding factors, statistical analysis showed a strong correlation between midfoot and ankle arthritis (Figures 2-3) . This finding suggests that there may be more to this particular process than standard age-related degenerative models. In addition, AfricanAmerican subjects showed significantly less tibiotalar osteoarthritis than white subjects.
Further examination of the data showed that subjects 40 years and younger at death had a significantly higher prevalence of right and left calcaneocuboid osteoarthritis compared with right and left tibiotalar osteoarthritis, which was minimal in this age group. This suggests that in the genesis of midfoot and ankle osteoarthritis, midfoot osteoarthritis occurs first. This finding is corroborated by the higher prevalence of right and left tibiotalar osteoarthritis compared with right and left calcaneocuboid osteoarthritis in subjects older than 40 years. Further, the prevalence of calcaneocuboid osteoarthri- tis was stable compared with the findings in subjects 40 years and younger. These findings show that midfoot (calcaneocuboid) osteoarthritis precedes ankle (tibiotalar) osteoarthritis. Finally, the altered biomechanics involved in calcaneocuboid osteoarthritis (most prevalent in subjects 40 years and younger) are transferred to the tibiotalar joint, leading to tibiotalar osteoarthritis (most prevalent in subjects older than 40 years) as the subject ages. Many of the current findings on ankle and foot pathology are based on studies that analyzed stance because it is a weightbearing phase that makes up 60% of the gait cycle. 15 Chondrocyte metabolism depends heavily on the local mechanical environment. Normal tissue loading maintains joint health, whereas alterations in loading patterns during the stance phase can result in inappropriate tissue stress patterns, changes in chondrocyte metabolism, and ultimately variations of the joint space that manifest as osteoarthritis. 16 Periarticular or direct trauma can disrupt the mechanical loading distribution of the cartilage and lead to a degenerative remodeling process. 16 Biomechanical changes can be subtle as well.
The authors propose a model in which the midfoot assumes most of the force applied across the foot and ankle at younger ages, in essence, sparing the ankle joint. If these forces alter midfoot biomechanics, then osteoarthritis develops. Once osteoarthritis reaches a significant level, the forces are transferred to the ankle, where degenerative changes occur. The transfer of forces to the ankle provides protection to the midfoot, preventing further degeneration.
conclusion
Thus far, the relationship between midfoot and ankle osteoarthritis has been best expressed through surgical models depicting alterations in joint biomechanics. This study used degeneration around the calcaneocuboid and tibiotalar joints to evaluate this relationship and determine which joint degenerates first. The authors found a positive correlation between ankle and midfoot osteoarthritis. The study also showed that at younger ages the midfoot assumes a larger share of the force applied across the foot and ankle, leading to earlier degeneration compared with the ankle. Over time, ankle osteoarthritis becomes more prevalent and midfoot osteoarthritis stabilizes.
The authors believe that this study can provide further insight into the natural history of the degenerative changes that occur in the midfoot and ankle and thereby ultimately aid in preventing painful arthropathy. Patients who are at increased risk for altered midfoot biomechanics (eg, midfoot injury, midfoot surgery, aberrations in arch height, loss of midfoot stability during gait 17 ) may benefit from early education and increased surveillance and physical therapy. Shoe adjustment, orthotics, and measures to reduce the force across the midfoot may reduce the incidence of ankle arthritis in the long term.
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